Five gnotobiotic Beagle dogs were orally inoculated with a pure culture of Helicobacter felis. The remaining two littermates served as contact controls. Thirty days after infection, all animals were euthanatized and specimens were collected for evaluation. In infected dogs, H. felis was recovered from all areas of the stomach. Colonization was heaviest in the fundus and antrum. H. felis was not cultured from any segment of the gastrointestinal tract distal to the duodenum. Two weeks after infection, all five infected dogs had detectable IgM and IgG serum antibody to H. felis, whereas control dogs had no measurable H. felis serum antibody throughout the study. Histopathologic changes in the stomachs of infected dogs included large numbers of lymphoid nodules throughout all regions of the gastric mucosa and were most numerous in the fundus and body. A mild, diffuse lymphocytic infiltrate with small numbers of plasma cells and eosinophils was also present in the subglandular region of all portions of the gastric mucosa. Electron microscopic examination revealed large numbers of spiral-shaped H. felis in gastric mucus adjacent to or superimposed over the areas of inflammation. Occasionally, however, H. felis was observed within the canaliculi of gastric parietal cells. Histopathologic changes in the stomachs of the contact control dogs were limited to focal infiltrates of eosinophils and small aggregates of lymphocytes in the subglandular portions of the gastric mucosa in one animal. Infection with H. felis is a likely cause of naturally occurring lymphofollicular gastritis.
Others have described spiral microorganisms in the gastric mucosa of dogs and similar organisms in the stomachs of normal cats. 19.29 In an oral dosing protocol to study the toxicity of a proprietary drug in dogs, spiral-shaped bacteria were seen in the vomitus of treated dogs (S. Krakowka, personal communication) . Histologic examination revealed that the treated dogs had massive numbers of these bacteria in the gastric mucosa and these were closely associated with lymphoplasmacytic cellular infiltrations, eosinophils, and gastric ulceration. Similar bacteria were also seen in the control dogs but in lesser numbers.
The work of Marshall and Warren, which described a spiral-shaped bacterium, Helicobacter pylori previously named Campylobacter pylori, as the etiological agent of human chronic gastritis.t-"-" stimulated interest in the cat as a possible animal model for the study of the role of gastric microflora in induction of gastritis. Electron microscopic examination of normal cat stomachs revealed the same two morphologic types of bacteria previously observed in the dog (i.e., tightly spiralled organisms with or without entwined periplasmic fibrils). Use ofmethods previously developed 18.24 
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In 1987, prominent lymphoreticular hyperplasia and lymphocytic gastritis were reported within the gastric mucosa of laboratory-reared control and treated Beagles that were used in two different dosing safety trials." Large numbers of spiral-shaped microorganisms were found within the gastric glands and parietal cells in these animals. Anatomically, bacteria were seen in the cardia and at the junction of the fundus and pylorus, and their presence was correlated to lymphoid hyperplasia in these areas, suggesting a cause-and-effect relationship. The data suggested that in the fundus small numbers of organisms were innocuous; however, large numbers of organisms in the cardia and funduspyloric junction induced lymphoreticular hyperplasia and caused premature senescence of parietal cells.'? Electron microscopic examination revealed that all dogs examined were colonized with spiral-shaped bacteria; some were helical with tufts of flagella at each end, whereas in others the body ofthe bacteria was entwined with a distinctive periplasmic fibril. These bacteria were considered two different forms of a single species of bacteria that was part of the natural gastric flora of dogs." Vet Pathol 29 :6, 1992 Fig. 1. Schematic of sampling sites of gastric biopsies for urease mapping in opened stomach (see Table I ).
resulted in successful growth of the bacterium with the peri plasmic fibrils." Despite a distinct morphologic appearance quite unlike that of Helicobacter pylori, subsequent 16S ribosomal RNA sequencing demonstrated that the feline gastric organism was a Helicobacter species. Subsequently, the same bacterium was isolated from canine stomachs. Because the bacterium was first cultured from the cat, it was named Helicobacter felis. 20 Experimental inoculation of H. felis into gnotobiotic mice resulted in chronic active gastritis with neutrophil infiltration similar to that caused by H. pylori in human beings. 16 To confirm the putative role of H. felis as a cause of chronic gastritis in their natural host, an experimental system devoid of exposure to extraneous environmental microbes was needed. This study reports the results of infection of gnotobiotic Beagle dogs with Helicobacter felis.
Materials and Methods

Animals
A litter of seven gnotobiotic Beagle dogs was surgically removed by Caesarian section from an anesthetized specificpathogen-free bitch and delivered directly into a sterile isolation unit." The dogs were maintained in these sterile iso-lation units and fed a diet of Esbilac (PetAg, Hampshire, IL). Initially, unchallenged control dogs were housed separately from infected dogs, Beginning 23 days after infection, controls were housed together with infected dogs because their size precluded individual separation of the animals within the gnotobiotic isolation unit.
Bacterial inoculum
The original type culture strain of Helicobacterfelis CS1 (ATCC Number 49179 T ) was used for this experiment, The culture was grown on 5.0% horse blood agar base No.2 (Oxoid, Basingstoke, England) supplemented with amphotericin, polymyxin, trimethoprim, and vancomycin. After 3 days incubation in a microaerophilic atmosphere at 37 C, bacteria were harvested aseptically in 30.0% glycerol in brainheart infusion broth. The inoculum was tested for purity on sheep blood agar incubated aerobically and anaerobically at 37 C and frozen at -70 C until inoculation.
Experimental design
At 7 days of age, five dogs (Nos. 1-5) were orally inoculated with approximately 10 9 organisms suspended in 2.0 ml of glycerol mixed in brain-heart infusion broth. Two dogs (Nos, 6, 7) served as controls and were given peptone water alone. Gastric lavage was performed 7 days after infection on dog Nos. I and 5, and the stomach contents were examined for the presence of H. felis by phase microscopy and culture. Thirty days after infection, the dogs were anesthetized with 3.5 mg/kg ofxylazine and 17.5 mg/kg ofketamine hydrochloride, and a pH electrode was passed into the stomach to measure gastric pH prior to euthanasia of the animals with an overdose of pentobarbital. The gastrointestinal tract was examined for gross abnormalities, and samples were taken for urease mapping, bacterial culture, and histopathologic examination. Sample sites included cardia, fundus, body, pyloric antrum and pylorus of the stomach and duodenum, jejunum, ileum, colon, and rectum. Serum samples were collected from all animals prior to infection and at 14-, 21-, and 28-day intervals thereafter.
Urease mapping
Urease mapping of gastric mucosa was performed> to determine the distribution and to estimate the density of colonization.'? The assay is based upon the prominent urease enzyme activity characteristic of these gastric microorganisms. 11 The stomachs were removed after ligation at the distal esophagus and proximal duodenum and opened by an incision along the lesser curvature from the cardia to pylorus. Ten gastric mucosal samples (3 mrn-) were taken as previously described] 25 from each dog: one from the cardia, two from the fundus, three from the body, three from the pyloric antrum, and one from the pyloric canal ( Fig. I ). Mucosal specimens from duodenum, jejunum, ileum, cecum, colon, and rectum were also screened for urease activity. Gastric mucosal samples were placed in microtiter plate wells containing urea, phenol red, and sodium azide in phosphatebuffered saline (pH 6.5), sealed, and incubated for 24 hours at 22 C. A positive test was indicated by a color change in the medium from orange to dark pink.'? The time between placement of the tissue into the urea reagent and appearance of a positive reaction was recorded; this interval is proportional to the number of urease-positive bacteria present," i.e., a shorter time indicates more bacteria.
Microbiology
Samples taken from the mucosa were plated onto the medium described above, and plates were incubated for 3 days at 37 C. Representative samples of water, food, and swabs from the isolation unit were cultured by inoculation onto the blood agar medium. A spreading film was indicative ofgrowth of H. felis. H. felis was confirmed by examination with phase microscopy and by a positive urease reaction. Enumeration was not possible due to the spreading growth characteristic of H. felis.
Serology
The type strain of H. felis was grown on selective media as described above. Antigen preparation and enzyme-linked immunosorbent assay (ELISA) were performed using methods previously described for H. pylori ELISA as modified for use with H. felis and canine serum.v->
Light and electron microscopy
After sampling for culture and urease activity, the remainder of each stomach was fixed in 10% vIv neutral buffered formalin. Small pieces of fresh tissue from both body and antrum were also fixed in Karnovsky's fixative with ruthenium red for electron microscopic examination.
A 5.0-mm-wide section was taken along the greater curvature of each stomach from the esophagus-cardia junction through the cardia, fundus, body, pyloric antrum, and canal to the pyloric duodenal junction. This strip of gastric tissue was dehydrated in graded alcohol and embedded in paraffin. Sections were cut at 5 Mm and stained with hematoxylin and eosin and by the Warthin-Starry method and examined by conventional light microscopic techniques. For ultrastructural study, gastric samples were embedded in epon, and 1.0urn sections were cut and stained with toluidine blue. Ultrathin sections from selected blocks were stained with toluidine blue and screened for presence of bacteria. Sections that contained bacteria were cut on a Reichert -Jung microtome stained with uranyl acetate and lead citrate and examined with a Hitachi H7000 transmission electron microscope. 
Results
Microbiologic findings
Phase microscopic examination of the gastric lavage materials from two dogs obtained 1 week following inoculation with Helicobacter felis revealed large numbers of spiral organisms.
At the time of euthanasia, H. felis was recovered by culture from all of the infected dogs (Nos. 1-5). The organism was restricted to the stomach, except in two dogs in which H. felis was recovered from the duodenum. No bacteria were grown from specimens of jejunum, ileum, cecum, colon, rectum, and feces. Organisms were not recovered from the isolation unit samples, food, or water when cultured under microaerophilic, aerobic, or anaerobic conditions.
Urease mapping
Results of urease mapping (see Fig. 1 ) indicated the distribution and density of colonization (Table 1) . After 24 hours ofincubation, specimens from all the sites in the test animals demonstrated urease activity, indicating that the organisms colonized the entire stomach. The rapid positive urease reaction in many sites indicated, in relative terms, a much heavier colonization. Sites of heavy colonization varied somewhat among animals. The gastric mucosa of dog No.5 was heavily colonized throughout, whereas in Nos. 1 and 3, the fundus was the predominant site. The cardia and the pyloric canal were sparsely colonized; 4/5 of the dogs were negative at 6 hours, and only two dogs were urease positive in the cardia and one dog in the pyloric canal at 12 hours. When comparing urease reaction times in all five animals, the number of sites reacting at 6 and 12 hours for both the body and antrum were very similar; 9/15 (60%) in the body at 6 hours versus 6/15 (40%) in the antrum. At 12 hours, both the body and antrum had 12/15 (75%) sites positive on the urease assay. Modest urease activity was detected in the body of one of the contact controls (dog No.6), suggesting that transmission may have occurred during the week the dogs were housed together with their infected littermates.
Pathologic findings
Gross abnormalities were not detected in the gastric mucosa or any other tissues from either the infected or contact control animals. Histopathologic evaluation of the gastric mucosa from all of the infected dogs revealed large numbers of lymphoid follicles throughout the gastric mucosa (Figs. 2, 3 ). These follicles varied in size; larger follicles displaced as many as 10-12 gastric glands. The follicles originated in the subglandular region of the mucosa and extended towards the luminal surface, displacing gastric glands as they expanded. Follicles were more numerous and larger in the fundus and body where a few extended through the muscularis mucosae into the submucosa. Follicles tended to decrease in both size and number in the transitional zone between fundus and cardia and in the transitional zone between body and pyloric antrum. The size and frequency of follicles decreased through the pyloric antrum, and they were absent in the pyloric canal. In addition to the lymphoid follicles, a mild, diffuse infiltrate oflymphocytes, eosinophils, and plasma cells was present throughout the subglandular region of the stomach (Fig. 4) .
Warthin-Starry-stained sections of gastric mucosa from infected dogs revealed large numbers of characteristic spiral organisms in the mucous layer on the mucosal surface within gastric pits and within the lu- men at all levels of the glands. A few organisms appeared to be within glandular epithelial cells. The distribution ofthe organisms in the gastric mucosa tended to follow the pattern of distribution of the lymphoid follicles. Although no effort was made to quantify the number of organisms in the different regions of the stomach, the numbers appeared to increase from cardia to fundus but remained constant through the fundus and body. Between the body and pyloric antrum, the frequency of organisms decreased, and this trend continued through the antrum, where the organisms completely disappeared in the pyloric canal.
Gastric samples processed for electron microscopic examination revealed spiral-shaped organisms in gastric pits (Fig. 5 ) and within the canaliculi of parietal cells (Fig. 6) . In all instances, the ultrastructural features of the organisms seen colonizing the stomach were characteristic of H. felis (arrows, Figs. 5, 6 ), i.e., the organisms were spiral shaped and possessed a characteristic peri plasmic fibril. 17, 23 Histologic examination of gastric tissue from the two control dogs did not reveal a single lymphoid follicle. Small numbers of lymphocytes, including occasional eosinophils, were scattered through the subglandular region in all parts ofthe gastric mucosa, with a few small focal aggregates of lymphocytes in this same region in the pyloric antrum of the one urease-positive contact control dog (No.6). A few small aggregates of eosinophils were found in the lamina propria of the pyloric antrum of the same animal. Warthin-Starry-stained sections of these stomachs did not reveal any spiral organisms in control dog No.7; organisms were detected in the body and pyloric antrum of dog No.6.
Gastric pH in infected and control dogs
The gastric pH of infected animals (Nos. 1-5) determined prior to euthanasia were 7.5, 6.0, 2.6, 3.7, and 2.9, respectively, whereas the two control dogs (Nos. 6, 7) had gastric pH of 2.0, 3.6, respectively.
Serologic findings
All infected animals had detectable serum antibody to H. felis in both the IgM and IgG classes by 14 days after infection. The controls remained seronegative throughout the observation period ( Table 2 ). The IgG response developed more slowly than the IgM response but eventually reached higher titers.
Discussion
Although previous investigators have presented figures of different canine gastric bacteria, they have assumed that only one bacterium was present. 12, 19 There were at least two types ofspiral-shaped organisms present in the stomachs of the dogs in this study. One of the bacteria, H elicobacter felis, was shown in Fig. 5 of one paper l 2 and Fig. 2A of another. 19 The other organism has a spiral morphology similar to that of H. felis but does not possess the characteristic peri plasmic Vet Pathol 29 :6, 1992 fibrils. This second bacterium is shown in Fig. 6 from one publication'? and Fig. 3A from another ." This organism is almost certainly Gastrospirillum hominis, a bacterium reported in many species, including biopsies of human patients who presumably became infected from their pets.'>"
Our studies with H.felis reported here provide direct evidence to support the hypothesis that the lymphofollicular gastric infiltrates seen in commercially reared Beagle dogs is causally associated with colonization of the gastric mucosa by spiral-shaped bacteria." In the original paper of Henry et al.," a photomicrograph of a stomach specimen depicts lymphoid follicles that were more developed and extended further into the lamina propria than the lymphoid nodules in the stomachs of the dogs in this report. This difference is most likely explained by the I-month observation period in our study. The stomachs of gnotobiotic dogs devoid of gastric bacteria are also devoid of gastritis, which suggests that the gastric lymphoid infiltrates represent an immune reaction in the gastric mucosa to the bacterial antigens. This hypothesis is supported by the strong antibody response detected in the serum of infected dogs.
The first description of gastric spirillosis reported locations for both the species of bacteria and for the lymphoid follicles that were slightly different from those reported here." In that study, organisms were most numerous in the cardia and at the junction of the fundus and pylorus (antrum), Those investigators suggested that the two morphologic forms of gastric organisms may have preference(s) for different parts of the stomach.'? In H. felis-infected gnotobiotic dogs, most follicles were in the fundus and body, Thus, the differences between this study and the previous one may represent the gastric tissue response to dual infection with both G. hominis and H. felis in naturally infected Beagles versus short-term (30-day) monoinfection with H. felis in gnotobiotic Beagles. However, direct comparisons are difficult because the initial paper did not clearly specify anatomical areas of the stomach nor were urease assays performed. 12 The infected with H. pylori was also hypochlorhydric." Ferrets experimentally infected with H. mustelae not only developed gastritis but also hypochlorhydria by I month after infection.' Human patients recently infected with H pylori can also develop hypochlorhydria. 9 ,2 2. 26 This interference with acid secretion appears to be a feature common to gastric spiral bacteria and suggests that further acid secretion experiments in dogs infected with gastric Helicobacter sp. are warranted.
The studies described above contributed to the understanding of the pathogenesis of gastric disease in general because they highlighted the importance ofhost factors in induction of gastritis. H felis in the gnotobiotic dog induces an inflammatory response composed primarily of mononuclear cells. This same strain of bacterium when inoculated into gnotobiotic mice induces a gastritis with significant neutrophil infiltration 1 6 similar to that seen in adult human beings with H. pylori-associated gastritis.'? However, in the gnotobiotic rat infected with Hi felis. the inflammatory cells are almost all of the mononuclear type." H pylori inoculated into gnotobiotic piglets and dogs induces a chronic gastritis (i.e., mononuclear cell infiltrates) similar to the gastritis associated with H pylori in children. 2 , 14 ,2 5 Another gastric organism, H. mustelae, induces a persistent gastritis consisting of mononuclear cell infiltrates in its natural host, the ferret.s' Com-parison of these different animal models of gastritis should provide clues to conditions required for induction of gastric inflammation with mononuclear cells only and inflammation with both mononuclear cells and neutrophils.
